Bone loss induced by microgravity is a substantial barrier to humans in long-term spaceflight. Recent studies have revealed that icariin (ICA) can attenuate osteoporosis in postmenopausal women and ovariectomized rats. However, whether ICA can protect against microgravity-induced bone loss remains unknown. In this study, the effects of ICA on a hindlimb suspension rodent model were investigated. Two-month-old female Wistar rats were hindlimb suspended and treated with ICA (25 mg·kg −1 ·d −1 , i.g.) or a vehicle for 4 weeks (n = 6). The bone mass density of the hindlimbs was analyzed using dual-energy X-ray absorptiometry and micro-CT. mRNA expression of osteogenic genes in the tibia and the content of bone metabolism markers in serum were measured using qRT-PCR and ELISA, respectively. The bone mineral phase was analyzed using X-ray diffraction and atomic spectrometry. The results showed that ICA treatment significantly rescued the hindlimb suspension-induced reduction in bone mineral density, trabecular number and thickness, as well as the increases in trabecular separation and the structure model index. In addition, ICA treatment recovered the decreased bone-related gene expression, including alkaline phosphatase (ALP), bone glaprotein (BGP), and osteoprotegerin/receptor activator of the NF-κB ligand ratio (OPG/RANKL), in the tibia and the decreased bone resorption marker TRACP-5b levels in serum caused by simulated microgravity. Notably, ICA treatment restored the instability of bone biological apatite and the metabolic disorder of bone mineral elicited by simulated microgravity. These results demonstrate that ICA treatment plays osteoprotective roles in bone loss induced by simulated microgravity by inhibiting bone resorption and stabilizing bone biological apatite.
INTRODUCTION
Space environment factors, such as microgravity and ionizing radiation, are serious threats to the health of astronauts, the most prominent of which is bone metabolism derangement [1] . In the astronaut during spaceflight, bone mineral density (BMD) is decreased by~1% per month in the proximal femur, which is as much as postmenopausal women on Earth lose in 1 year [2] . Microgravity is considered to be the chief contributor to bone loss, although evidence has shown that ionizing radiation and the magnetic field are involved in induction of bone metabolism diseases [3, 4] .
Data concerning the effects of microgravity on the human body from long-duration spaceflights are very limited to date. However, in vitro and in vivo models have been developed to reproduce the reduction of bone mass induced by microgravity on Earth [5, 6] . The hindlimb suspension rodent model, which can produce a lack of load bearing on the hindlimbs and a fluid shift to the head, is extensively used to simulate weightlessness and study aspects of weight-bearing bones in the rodent [7] . By contrast, countermeasures to protect against osteopenia have been studied.
Exercise currently remains the preferred option to counter the effects of microgravity on bone density [8] , although its effectiveness is debatable [8, 9] . Pharmacological interventions, which have been successfully used in the clinical treatment of osteoporosis [10, 11] , are severely restricted in spaceflights because of the uncertainty of their side effects [12] [13] [14] .
Icariin (ICA), a flavonoid glucoside ( Fig. 1) , is the main active ingredient isolated from the genus Epimedium, a traditional Chinese herbal medicine that has been used as a bone protective agent for thousands of years. ICA has many indicated pharmacological and biological activities, such as osteogenic activity, neuroprotection, cardiovascular protection, anti-inflammation, anti-oxidation, and anti-tumor activity [15, 16] . Previous studies have demonstrated that Epimedium-derived phytoestrogen flavonoids (EPFs) exert beneficial effects on the prevention of bone loss in postmenopausal women, without causing a hyperplasia effect on the endometrium [17] . A recent study reported that treatment of ovariectomized rats with ICA obviously improved the BMD, biomechanical strength, and trabecular bone parameters by mediating Wnt/β-catenin pathway [18] . In addition, ICA was shown to increase cellular proliferation and mineralization in osteoblasts [19, 20] and decrease the bone resorption activity in osteoclasts [19, 21] . However, whether ICA can protect against the bone loss caused by microgravity remains unclear.
Cortical or compact bone is a natural composite consisting of 25% organic phase, 65% mineral phase, and 10% water [22] . Type I collagen is the primary constituent (90%) of the organic phase [23] . The mineral phase is crucial for the mechanical properties of bone. It generally consists of poorly crystallized calcium apatite, calcium, phosphate, and hydroxyl ions (Ca 10 (PO 4 ) 6 , in addition to its main components [24] . The most abundant of the minor cations present in bone mineral are Na + , Mg 2+ , and K + [25] . The precise location of these elements is uncertain. Some studies suppose that they mainly belong to the apatite lattice, but others are of the opinion that they are simply adsorbed on the surface of crystallites [26] . The exchange and migration activity of these elements is the inherent property of living bone and reflects the state of bone to some extent. The surface of nanocrystals plays an exceptional role as a boundary between mineral and organic components, determining some biological processes. The water molecules adsorbed on the surfaces of apatite crystals (structured hydrated layer) stabilize them and serve as an environment for mobile ions, providing mass transfer and promoting the development of apatite domains [27] . To date, the effects of ICA on the mineral phase of bone have not been elucidated.
Here, we investigated the effects of ICA on bone loss in a hindlimb suspension rodent model and found that ICA treatment significantly attenuated microgravity-induced bone loss by suppressing bone resorption as well as adjusting the distribution of apatite ions in bone.
MATERIALS AND METHODS
Animals Two-month-old female Wistar rats, with a body weight of 191 ± 10 g, were purchased from Lanzhou University (Lanzhou, China) and acclimatized for 1 week in an air-conditioned room at a temperature of 23 ± 2°C with 12 h/12 h light-dark illumination cycles and humidity 45-50%. The rats were randomly divided into three groups (n = 6 in each group), including the control (Ctrl) group, the hindlimb suspension with vehicle (HLS) group, and the hindlimb suspension with ICA (HLS + ICA) group. The Ctrl group was treated with vehicle (0.9% saline) but without hindlimb suspension, while both the HLS group and the ICA group were hindlimb unloaded by suspending their tails according to the recommendation of Morey-Holton and Globus [7] , and orally administered a vehicle or 25 mg·kg
Herbest, Baoji, China), respectively. The dosage was chosen based on previous studies [28] [29] [30] . All rats were provided with standard laboratory rodent chow and water ad libitum. During the 4 weeks of administration, the general situation of eating, drinking, activity, color gloss, and body weight of the rats were closely observed and recorded. All procedures used were approved by the Institutional Animal Care and Use Committee at the School of Pharmacy of Lanzhou University.
Tissue collection and sample preparation The rats fasted for 24 h after the last administration. The next day, the rats were anesthetized with 10% chloral hydrate, and whole blood was collected by abdominal aorta puncture at the end of the laparotomy. After the blood was left standing for 3 h, the collected blood was centrifuged at 1500 × g for 15 min to acquire the supernatant. The serum was dispensed into small tubes (20 µL) and stored in a freezer at −80°C for later use. The femora and tibiae were cleared from the attached muscle and collected. The left femora were rinsed with saline and packed with salineinfiltrated medical gauze and placed in the freezer at −20°C for later BMD testing, biomechanics analysis, and mobile ionic measurement. The right femora were immersed in 75% alcohol and stored in the freezer at −20°C for micro-CT analysis. The tibiae were wrapped in medical gauze and stored in liquid nitrogen for the analysis of alkaline phosphatase (ALP), bone glaprotein (BGP), osteoprotegerin (OPG), and receptor activator of the NF-κB ligand (RANKL) mRNA expression.
BMD analysis and biomechanical testing Total BMD of the femora from hindlimbs was measured by dualenergy X-ray absorptiometry (GE Healthcare, Madison, USA) for the assessment using the small laboratory animal mode. Total femoral BMD was calculated using enCORE software (GE Healthcare). Three-point bending tests were performed using a precision universal tester (SHMADZU, Kyoto, Japan). Each bone specimen was placed on two supports 15 mm apart, and a load was applied to the middle position of the femur at a rate of 10 mm/min until the specimen was fractured. The biomechanical parameters, including the maximal force (N) and elasticity modulus (N/mm 2 ), of bone specimens were recorded.
Micro-CT analysis
The distal metaphysis of the femur from the hindlimbs was scanned using a Skyscan 1176 high-resolution micro-CT (Bruker, Kontich, Belgium). Three-dimensional (3D) image data were obtained using the CT-analyzer software (Bruker) at 14-µm resolution, and the regions from the epiphyseal line to 2 mm below were chosen to provide data for the analysis. Direct 3D measurement methods were used to calculate the following parameters of trabecular bone: the BMD of cancellous bone (cancellous BMD; mg/cm 3 ), trabecular bone volume fraction (BV/ TV; %), trabecular thickness (Tb.Th; mm), trabecular number (Tb.N; 1 mm), trabecular separation (Tb.Sp; mm), and structure model index (SMI).
ELISA
The cryopreserved sera were brought to room temperature to thaw. After centrifugation for 5 min at 150 × g, the concentration of Ca 2+ and the bone resorption marker, tartrate-resistant acid phosphatase-5b (TRACP-5b), in serum were measured using ELISA kits (Mlbio, Shanghai, China) according to the manufacturer's instructions.
RNA extraction and qRT-PCR Total RNA of the tibia was extracted using TRIzol reagent (Invitrogen, Carlsbad, USA). Reverse transcription was performed using the All-in-One™ First-Strand cDNA Synthesis Kit (GeneCopoeia, Guangzhou, China). To quantify ALP, BGP, OPG, and RANKL mRNA expression, real-time PCR was performed using the All-inOne™ mRNA qPCR Detection Kit (GeneCopoeia) based on SYBR Green. GAPDH was used to normalize the relative amount of mRNA. All of the primers were purchased from GeneCopoeia. The 2 −△△Ct method was used to calculate the relative gene expression.
X-ray diffraction analysis The femur was treated using a method described previously [31] , and X-ray diffraction (XRD) investigations were performed using the diffractometer DRON4-07 (Burevestnik, Russia) connected to a computer-aided experiment control and data processing system. CoKα radiation was used with a conventional Bragg-Brentano θ-2θ geometry (θ is Bragg's angle). The current and voltage of the X-ray tube were 20 mA and 30 kV, respectively. The bone samples were measured in the continuous registration mode (at the speed of 1.0°/min) within the 2θ angle range from 10°to 70°. All data processing procedures were conducted with the use of the program package DIFWIN-1 (Etalon-PTC, Russia). Phase analysis was performed by comparing the diffraction patterns from the investigated samples and the reference data JCPDS. To evaluate the phase purity and stoichiometry of biological apatite, the diaphysis of the femur was examined in the initial state and after annealing in the electric furnace at the temperature of 950°C for 1 h.
Mobile ionic species measurement
The mobile ionic species were analyzed using atomic spectrometry (AS) as previously described [32] . In brief, the small separate portions of the grinded diaphysis of the femur were heated in an electric furnace at the 600-760°С range with a 40°С step increment; each temperature was kept for 1 h. After annealing, the powdered material was treated with ultrasound (15-20 W/ cm 2 , 22 kHz) for 10-15 min in distilled water in a UZDN-A device (Selmi, Ukraine). The suspension obtained was filtered, and the concentration of the elements was measured in liquid using the atomic spectrometer KAS 120.1 (Selmi, Ukraine). The analytical system includes a double-beam spectrophotometer equipped with a deuterium device for background absorption correction. Mg 2+ was determined using flame atomic absorption spectroscopy, and Na + and K + by flame atomic emission spectroscopy; in both cases, an air-acetylene flame was used.
Statistical analysis Statistical analysis was performed using SPSS 19.0 software (SPSS, Chicago, USA). Data were analyzed using a one-way ANOVA and followed by Tukey's multiple comparison test as a post test to compare the group means if the overall P < 0.05. All data are expressed as the mean ± SD. A level of P < 0.05 was considered statistically significant.
RESULTS
The general effect of ICA treatment in rats The rats in all groups displayed normal eating, drinking, activity, and coat color. As shown in Fig. 2 , after administration for 4 weeks, the body weight changes of the HLS group and the ICA group were lower than that of the Ctrl group; however, the difference was not statistically significant. Fig. 2 Body weight changes in the different groups. Ctrl control group, HLS hindlimb suspension group, HLS + ICA hindlimb suspension and treated with icariin group. Data are shown as the mean ± SD, n = 6 in each group Fig. 3 The bone mineral density (BMD) and mechanical parameters of hindlimb bones. a Total femur BMD assessed using dual-energy X-ray absorptiometry; b, c Mechanical parameters of the bone samples from three-point bending tests; b the maximal force (N); c Elasticity modulus (N/mm 2 ); Ctrl control group, HLS hindlimb suspension group, HLS + ICA hindlimb suspension and treated with icariin group. Data are shown as the mean ± SD, n = 6 in each group. *P < 0.05, **P < 0.01 vs the HLS group ICA treatment rescues bone loss induced by HLS To investigate the effects of ICA on the bone mass change induced by simulated microgravity, the femoral BMD and mechanical parameters of the hindlimbs were measured. As shown in Fig. 3a , hindlimb suspension led to significant bone mass loss; the femoral BMD decreased from 99.29 ± 4.20 mg/cm 2 in the Ctrl group to 84.02 ± 2.23 mg/cm 2 in the HLS group. However, following ICA administration for 4 weeks, the femoral BMD increased by~12% compared with that of the HLS group (P = 0.016). Additionally, the three-point bending test results showed that hindlimb suspension remarkably impaired the bone strength of the femur. Compared with the Ctrl group, the ultimate force and elasticity modulus of the femur decreased by 38% and 67% in the HLS group, respectively. These two mechanical parameters were significantly recovered in the hindlimb suspension rats treated with ICA (Fig. 3b, c) .
Furthermore, micro-CT analyses were performed to explore the microstructure changes in the hindlimb bones. Compared with Fig. 4 ICA treatment exhibits reduced damage of cancellous bone induced by hindlimb suspension. a Representative micro-CT reconstructive images of the distal femurs of the Ctrl, HLS, and HLS + ICA rats; b-g The bone micro-architectural parameters; BV/TV trabecular bone volume fraction, Tb.Th trabecular thickness, Tb.Sp trabecular separation, Tb.N trabecular number, SMI structure model index. Ctrl control group, HLS hindlimb suspension group, HLS + ICA hindlimb suspension and treated with icariin group. Data are shown as the mean ± SD, n = 6 in each group. *P < 0.05, **P < 0.01 vs the HLS group the control group, the hindlimb suspension rats showed lower cancellous BMD, trabecular bone volume fraction (BV/TV), thickness (Tb.Th) and number (Tb.N), and higher trabecular separation (Tb.Sp), and SMI (Fig. 4) . As expected, supplementation with ICA notably reversed the changes in these parameters induced by hindlimb suspension (Fig. 4) . Taken together, these results indicated that ICA treatment efficiently attenuated the bone mass loss and trabecular bone architecture damage induced by hindlimb suspension.
ICA treatment suppresses osteoclast activity in HLS rats As the above data have revealed the role of ICA in the maintenance of bone mass, we speculated that ICA would improve the osteogenesis in HLS rats. To validate this speculation, the mRNA expression levels of osteoblast-related genes, such as ALP, BGP, and OPG, and the osteoclast-related gene RANKL in the tibia from hindlimbs were analyzed using qRT-PCR assay. As shown in Fig. 5 , the expression of ALP and BGP in the HLS group was downregulated by approximately twofold compared with that in the Ctrl group. Moreover, the ratio of OPG/RANKL was also decreased, which indicates the increased activity of bone resorption. However, the treatment of ICA dramatically upregulated the levels of ALP, BGP, and the OPG/RANKL ratio in the hindlimb suspension rats. These results indicated that ICA treatment suppressed osteoclast activity and facilitated the osteoblast activity to some extent in the HLS rats.
ICA treatment recovers the levels of bone metabolism markers in serum The biochemical markers of bone metabolism in serum were measured using ELISA. As shown in Fig. 6a , the concentration of Ca 2+ in the HLS group was greatly lower than that in the Ctrl group, whereas it was restored to normal levels when ICA was administered (P = 0.03). On the contrary, the concentration of TRACP-5b, a bone absorption biochemical index in serum, obviously increased by 17.8% in the hindlimb suspension rats compared with that in the control rats and decreased by 20.9% when administered with ICA compared with that in the HLS group (P = 0.009, Fig. 6b ). This result indicated that ICA treatment suppressed the activity of bone resorption induced by hindlimb suspension.
ICA treatment suppresses HLS-induced instability of the bone mineral content
The bone XRD patterns of all bone samples after annealing showed the presence of crystalline apatite as a major phase and β-tricalcium magnesium phosphate (β-TCMP) as a minor phase after annealing at 950°C. The most suitable reference phase of the β-TCMP family (Ca 3−x Mg x (PO 4 ) 2 ) was found to be Ca 2,86 Mg 0,14 (PO 4 ) 2 (JCPDS 77-692). In spite of a low concentration of β-TCMP, the arrangement of all groups exhibited C Fig. 7a . Other minor phases were not found. These results indicate that hindlimb suspension reduced the ability of bone apatite to perform lattice substitution, especially the co-incorporation of sodium and carbonate.
As it was shown in an earlier publication [33] , in the 600-760°C range, a high mobility of some ions in bone mineral was observed. We further analyzed the concentration of Na + , Mg
2+
, and K + in water after ultrasonic treatment of the annealed bone. As represented in Fig. 7b-d , the concentrations of Na + , Mg
, and K + in the organic phase (plus bulk water) were considerably higher for the HLS group vs the Ctrl group. On the contrary, the concentrations of Na + , Mg 2+ , and K + were lower in the HLS group Fig. 5 ICA treatment facilitates osteoblast activity and suppresses osteoclast activity in hindlimb suspension rats. The relative expression of osteoblast differentiation related genes ALP (a), BGP (b) and the ration of OPG/RANKL (c) was evaluated using qRT-PCR. Total RNA was extracted from the tibia. GAPDH was used to normalize the gene expressions and the results are presented as the relative expression compared with the Ctrl group. Ctrl control group, HLS hindlimb suspension group, HLS + ICA hindlimb suspension and treated with icariin group. Data are shown as the mean ± SD, n = 6 in each group; *P < 0.05 vs the HLS group Fig. 6 ICA treatment suppresses bone resorption induced by simulated microgravity. The levels of serum ionic calcium and tartrate-resistant acid phosphatase 5b (TRACP-5b) were measured using ELISA. The concentration of ionic calcium (a) and TRACP-5b (b) were calculated with the standard curves, respectively. Ctrl control group, HLS hindlimb suspension group, HLS + ICA hindlimb suspension and treated with icariin group. Data are shown as the mean ± SD, n = 6 in each group. *P < 0.05, **P < 0.01 vs the HLS group to some extent when ICA was applied. Taken together, these data indicated that ICA prevented simulated microgravity-induced bone loss via enhancing the stability of bone apatite and reducing the metabolic disorder of bone mineral.
DISCUSSION
ICA has been shown to prevent osteoporosis in postmenopausal women and ovariectomized rats [17, 34] . In our investigation, we systematically evaluated its preventive effect on bone loss in rats treated with simulated microgravity. The obtained data showed that ICA remarkably reduced bone mass loss and enhanced bone strength in the hindlimb suspension rodent model. Treatment with ICA not only suppressed the activity of bone resorption, but enhanced the stability of bone apatite and reduced the exchange of mobile ions. Bone strength depends on BMD, trabecular bone architecture, connectivity, and mineralization [35, 36] . Our data revealed that hindlimb suspension significantly reduced the bone maximal force and elasticity modulus, indicating a decrease in bone strength. The micro-CT results showed that treatment with ICA restored the HLS induced-damage to trabecular bone architecture via increases in BV/TV, Tb.Th, and Tb.N and a decrease in the Tb.Sp parameter. In addition, the XRD results demonstrated that the calcium apatite of the bone mineral phase was stabilized by ICA treatment. All the results suggest that ICA treatment exhibits beneficial effects on bone mass and strength in the hindlimb suspension rats through stabilizing the trabecular bone architecture and bone apatite mineralization.
Biochemical parameters in serum are of great value as indicators for osteoporosis diagnosis and effectiveness evaluation of clinical treatments [37, 38] . We measured the expression of the bone resorption marker TRACP-5b in serum [39] . Our data showed that the concentration of serum TRACP-5b in the ICA treatment group was significantly lower than that in the HLS group, indicating an effective suppression of bone resorption by ICA. Moreover, it has been in agreement that calcium is an essential component of anti-resorptive agent therapy for osteoporosis [40] . Previous studies discovered that serum calcium presented ascendant change during a short-term hindlimb suspension in rats [41, 42] . However, its expression levels were found to be downregulated in postmenopausal women or ovariectomized rats [43, 44] . Our data showed that the concentration of serum calcium and the ratio of OPG/RANKL were substantially lower in long-term hindlimb suspension rats compared with that in control rats. Additionally, ICA administration significantly recovered the calcium levels in serum and the ratio of OPG/RANKL in bone cells, which are consistent findings with the results obtained from ovariectomized rats [44] . Collectively, our results indicate that ICA recovers the simulated microgravity-induce bone resorption and calcium metabolic disorder.
The XRD patterns validated the presence of poorly crystalline apatite in all groups. Noteworthy, the XRD data of the initial bone were not of sufficient resolution to allow quantitative characterization of the mineral; for example, it was impossible to determine the size of the apatite unit cell with sufficient accuracy or to detect the traces of other phases. Further elevation in temperature caused a high mobility of some ions in bone mineral due to recrystallization of the bioapatite accompanied by the elimination of CO 3 2− ions [45] . However, when the temperature was higher than 760°C, a reduction of the labile species indicates that the earlier available anions and cations formed electrically neutral and insoluble compounds during heating or/and entered into apatite. For example, Mg 2+ participates in the formation of β-TCMP. Normally the thermal behavior of labile Na + has a non-monotonic character in the range from 600 to 760°C, but the labile Na monotonously decreases. Therefore, we hypothesize that unusual thermal behavior of labile Na + in the HLS group can be explained by the low ability of their bioapatite to trap carbonates and create CO 3 2-→ PO 4 3-substitution. In turn, the reduced ability to accept the carbonate ion could prevent progressive dissolution of apatite crystals [46, 47] and maintain their stability. In addition, the labile K + exhibited the same trend in the HLS group; however, it should be noted that K + was not able to join the apatite structure in a significant amount but was present rather as a surface species and in a surrounding medium due to its rather large size, such as in the labile state. Normally concentrations of labile K + do not change significantly under heating conditions until the formation of insoluble compounds at a higher temperature. When treated with ICA, the labile Na + and K + revealed some similarities to the Ctrl group, which indicates that ICA mitigated changes in the bioapatite crystals and has a positive influence on the stabilization of the bone mineral in hindlimb suspension rats.
In conclusion, our data provide evidence that ICA prevents bone loss in the hindlimb suspension rodent model at least partly through mediation of the balance between bone formation and resorption. Notably, our results also reveal that ICA treatment improves bone apatite stability in simulated microgravity. Therefore, this study is able to shed light on the potential application of Chinese medicine ingredients as pharmacological countermeasures for bone loss in long-duration spaceflight.
